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Abstract
In this paper a prototype of an ultra-compact continuous-wave (CW) and frequency-modulated continuous-wave (FMCW) radar
system using a highly-integrated radar chip and in-package antennas will be presented. An introduction will be given on the
concept of antenna integration for millimeter-wave radar and the advantages of such systems. The radar then will be described in
its main components, a 122 GHz Integrated Circuit including in-package antennas as well as the acquisition and processing system
realized using ﬂexible printed circuit board (FLEX PCB) technology. Furthermore initial measurements of the radar system will
be presented and explained.
c© 2016 The Authors. Published by Elsevier Ltd.
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1. Introduction
High precision sensors, sensor arrays and sensor fusion are becoming increasingly important especially for au-
tonomous vehicle applications. In the presented approach the combination of a miniaturized radar frontend chip
realized in SiGe 130nm BiCMOS technology, package-integrated antennas, and a PCB realized using FLEX tech-
nology provides a solution for a highly integrated and compact sensor module for autonomous aircrafts, such as a
quadrocopter. The use of very high frequency radar proves to be advantageous for several reasons: millimetre wave
radar can measure speed and distance with very high accuracy. Furthermore antenna size is extremely small. Beyond
100 GHz radar frequency the antenna size is in the range of around 1 mm. It can therefore be easily integrated in the
chip package allowing for the construction of ultra-compact and cost-eﬃcient wireless sensors [1,2]. Radar sensors
can provide a way to measure velocity and distance with fast data rate, low latency, and with almost no inﬂuence
form environmental changes such as rain, fog or light variation. In the presented paper a 122 GHz Radar IC with
a miniaturized antenna and package is used. A FLEX PCB system equipped with a CORTEX M4 micro-controller
allows the computation of fast-fourier-transform (FFT) and measurement of distance and velocity of approaching ob-
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jects directly on-board, eliminating the necessity of external computer connections and furthermore reducing the total
size of the measurement system. The total system reaches a size of 30 mm x 30 mm, comparable to the size of a
postal stamp. The possibility of interconnection between small modules using industrial standards such as CAN bus
and USB2.0 can open further possibilities for radar arrays conﬁgurations and 3D image reconstruction using multiple
radar modules. With accuracy higher than 0.1 mm [3] and range of up to 10 meters, applications for such device
range from proximity sensors for automotive applications, safety and distance control for automotive and robotics,
medical applications and ﬂight control. The core of the radar system is a chip designed using SiGe 130nm BiCMOS
technology by the company Siliconradar GmbH and partners within the European project SUCCESS [4]. The chip
integrates the complete 122 GHz radar transceiver which reduces size and cost of the radar electronics dramatically.
Furthermore the high carrier frequency of 122 GHz allows to reduce the size of the antennas and leads to the integra-
tion of both radar chip and antennas in a QFN package of 8 mm x 8 mm size [5], as shown in Fig. 1. The antennas
Fig. 1. Intergated circuit for the 122 GHz radar.
are realized in thin-ﬁlm technology on high-frequency substrates and are connected to the main chip using coplanar
transmission lines and bond wires [6]. The chip includes most of the basic blocks necessary for the generation of
the quadrature signal, such as an internal 60 GHz voltage controlled oscillator (VCO), a 60 GHz divide-by-32 chain,
buﬀers, power ampliﬁers (PA), low noise ampliﬁers (LNA) and a phase shifter [7]. An external phase-locked-loop
(PLL) and a quartz oscillator are used to control the VCO frequency according to the diﬀerent operational modes of
the radar. The low number of external components limits signiﬁcantly the space needed for the radar section of the
PCB prototype, allowing for a small size.
Nomenclature
ADC Analog to Digital Converter
BiCMOS Bipolar Complementary Metal-Oxide-Semiconductor
CAN Controller Area Network
CW Continuous Wave
FFT Fast Fourier Transform
FLEX-PCB Flexible Printed Circuit Board
FMCW Frequency Modulated Continuous Wave
IC Integrated Circuit
LNA Low Noise Ampliﬁer
PA Power Ampliﬁer
PCB Printed Circuit Board
PLL Phase Locked Loop
QFN Quad Flat No-leads
SiGe Silicon Germanium
VCO Voltage Controlled Oscillator
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2. Radar system
The radar IC produces low-frequency I/Q output signals; in order to process these signals they need to be ampliﬁed,
ﬁltered, converted by analog-to-digital-converters, and then processed to compute the speed and / or distance of a
target. Finally the speed and distance information has to be transferred to the host system. The design of the radar
system is explained in the following.
2.1. System design
The main targets of the system design are the preservation of the small size factor and small weight for aerial
operations. RIGID-FLEX manufacturing technique has been adopted to reduce the size of the total prototype to 30
mm x 30 mm. This technology allows the use of pre-preg bounding ﬁlms in combination with the classical stack-up
of a rigid board. In this way the in design can be divided in diﬀerent rigid sections and the interconnections between
the rigid areas can be performed using ﬂexible junction on which the interface signals will be routed. The main
advantage of this approach over standard rigid boards is the possibility of a higher connection density compared to
the footprint requirements of a standard connector and the reduction of the total part count due to the elimination of
connectors. This also reduces the total weight of the system and allows a more reliable connection. An overview
of the layer stack-up used for the radar prototype is illustrated in Fig. 2. The prototype is composed of three main
Fig. 2. Stackup for the RIGID-FLEX radar prototype (Source: multi-circuit-boards.eu).
rigid sections (30 mm x 30 mm) and two ﬂexible interconnection sections. The system is partitioned into 3 functional
blocks whereas each block is located on a separate rigid section:
• Radar fronted (top)
• Processing, ﬁltering and ampliﬁcation (intermediate)
• Power supply and peripherals (bottom)
In Fig. 3 the current version for the ﬂexible prototype is presented in its folded and unfolded conﬁguration.
2.2. Signal acquisition
The radar sensor includes a CORTEX M4 microcontroller which allows for on-board radar signal processing
and autonomous operation of the sensor. The microcontroller is mounted in the intermediate section of the board.
It performs the computation for the FFT of the quadrature signal, manages the communication through the output
peripherals and auto-calibrates the parameters of the analog ampliﬁcation chain. It has to be considered that depending
on the shape and material of the target and the conditions of the environment the optimal signal gain and biasing
parameters may radically change, leading to a diﬀerent setup for the signal acquisition section of the system. For
precise gain adjustment and calibration a feedback and monitoring control has been implemented on-board to perform
self-diagnosis of the status of the board, calibration and gain adjustment of the analog signal processing chain. Fig.
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(a) (b)
Fig. 3. RIGID-FLEX radar prototype - folded and unfolded conﬁguration.
Fig. 4. Block diagram for the radar acquisition and control loop.
4 shows a simpliﬁed block diagram of the acquisition ad control loop for the radar prototype: Once the input signals
for I and Q components have been ampliﬁed and correctly centred in the allowable dynamic range they are processed
by a diﬀerential ADC converter providing a total of 3 Msps, equal to 1.5 Msps for each of the 2 diﬀerential channels.
The acquired signal is then de-trended using a transformation algorithm in the micro controller and the result is used
to compute the FFT of the signal. When the radar operates in FMCW mode this will allow to identify the presence of
diﬀerent objects and their distance from the radar by analysing the results of the FFT.
3. Experimental set-up and results
A prototype for the radar has been ﬁrst manufactured. Furthermore a graphical user interface has been programmed
in order to control the sensor, as well as acquire and plot the data received using a USB or CAN bus connection to
a host computer. Preliminary tests have been conducted using a copper corner reﬂector positioned at an arbitrary
distance from the radar sensor and measuring the analog I/Q components at the input of the ADC by means of a
high bandwidth oscilloscope. Data regarding the FFT computation have been extracted using the debug interface of
the CORTEX M4 microcontroller and subsequently plotted. In order to acquire the data the radar has been operated
in FMCW using a ramp duration of 4 ms and a frequency span between 120.4 GHz and 123.4 GHz. Before the
FFT calculation it is necessary to perform a signal de-trending. The resulting signal contains diﬀerent frequency
components proportional to the distance of the target objects. Additional results have been collected using a moulded
plastic lens in order to increase the radar sensor range. The lens was positioned at a distance of 30 mm from the chip
and the results have been sampled to verify the signal ampliﬁcation. The housing and lens are illustrated in Fig. 5.
Fig. 6 displays diﬀerential I-signals and Q-signals acquired directly at the input of the ADC. A strong low frequency
oscillation is observed for both Fig. 6(a) and Fig. 6(b), stemming from the ﬁrst reﬂection caused by the lens. In
Fig. 6(b) an additional high frequency component proportional in frequency to the distance of the copper reﬂector
is seen. Fig. 6(a) shows an nearly unperturbed system, in which only a small high frequency perturbation is noticed
which is caused by reﬂection from the walls of the laboratory at several meters distance. Signals from a corner
reﬂector experiment have been processed on-board producing the results shown in Fig. 7. Early reﬂection from the
lens at small distance as well as the corner reﬂector at 0.5 m can be seen. The ripple in the graph in Fig. 7 can be
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Fig. 5. 3D printed radar housing and lens.
(a) (b)
Fig. 6. Acquired data (division scale on top) for FMCW mode - unperturbed and perturbed Scenarios.
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Fig. 7. FFT computed using CORTEX M4 MCU - single reﬂector test.
mostly attributed to multiple reﬂections of lens and corner reﬂector while random noise from electronics seems to be
negligible.
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4. Conclusions
The preliminary results obtained from the development of this radar system shows the possibility of integrating the
potential of the integrated radar sensor with an inexpensive processing units in order to create a versatile and accurate
measuring system. The limited resources of such a low power MCU (micro-controller unit) resulted to be suﬃcient
for computing mathematical operation such as FFT allowing a simple post processing of the acquired data. The
choices made for the system components and electronics integration resulted in the creation of a cost eﬀective system
with a good market potential. Further developments in the system could involve a simpliﬁcation of the ampliﬁcation
and feedback chain taking advantage of the internal components available in the CORTEX micro-controller, such as
internal analog and digital converters. This would allow a even smaller size factor for the radar and a reduction of the
total cost of the device.
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